Several agents which cause injury to erythrocytes are also capable of releasing hydrolytic enzymes from lysosomes. The red cell membrane can be disrupted in vitro by exposure to saponin or detergents (1), lecithinase (2), excess vitamin A (3), ultraviolet irradiation (4), or repeated freezing and thawing. These agents and procedures are known to release degradative enzymes, e.g. cathepsins, acid DNAase, RNAase, acid phosphatase, and beta-glucuronidase from lysosomes (5-7). It appeared likely, therefore, that the extracellular hemolysins elaborated by streptococci, streptolysin O(SLO), and streptolysin S (SLS) could affect lysosomes in ~gtro, and perhaps in ~ivo, as well.
SLO is a hemolytic protein whose activity is markedly enhanced by cysteine or reduced glutathione; it is readily inactivated by cholesterol (1) . The presence of specific antibody in convalescent sera after acute streptococcal infection in man is evidence for the production of the toxin in ~vo (8) . In contrast, SLS appears not to be antigenic, is not ~nhibited by cholesterol, and is maximally active without reducing agents (9) . SLS is the agent responsible for the beta hemolysis of aerobically incubated blood agar plates (10) . Both SLO and SIS are lethal in several species (9) ; injected in ~ivo they induce massive intravascular hemolysis, and this makes difficult the interpretation of specific organ pathology (11, 12) . Two applications of SLO induce systolic contracture of amphibian hearts. However after the heart has been pretreated with saponin, only one application is necessary (13) . Damage to leucocytes (14) and lymphocytes (15) in ~itro can also be produced by SLO, and recently both SLO and SLS have been shown to cause degranulation of rabbit polymorphonuclear leucocytes and macrophages (16) .
During streptococcal infections, therefore, membranous organelles such as ly-Erythrogenic toxin was obtained through the generosity of Dr. Aaron Stock, and contained 1072 Lf per nag, and less than 20 hemolytic units/ml.
Preparation of a Large Granule
Fraa~ from RabMt /A~er.--The preparation of this fraction has been described in detail previously (24, 25) . Briefly, this was a twice-washed fraction of tissue homogenates in 0.25 ~ sucrose, sedimenting between 800 g (10 minutes) and 15,000 g (20 minutes). It contained the bulk of mitochondria and lysosomes, as judged by enzyme analyses of the several fractions obtained, and was similar to preparations of rat liver studied by de Duve a a/. (26) and by Dingle (6) . The final suspension was 1:5 (w/v) in 0.25 ~ sucrose. While in most experiments liver was used, in some experiments preparations were made in identical manner from heart, spleen, and popliteal lymph nodes.
Imubation and Addition of Reag~nts.--In most experiments, 5.0 ml samples of the large granule fraction were incubated for 60 minutes at 37°C and appropriate amounts of the test materials were added in volumes not exceeding 0.5 ml. Following incubation, the samples were centrifuged at 20,000 g (20 minutes) and activity of enzymes released into the clear supernatant was assayed. "Controls" were samples to which had been added 0.5 ml allquots of solvent: 0.9 per cent NaC1, 0.1 M phosphate buffer (pH 7.0) with or without 3.5 n~ cysteine, or sucrose alone. The "total" activity of each enzyme which could be solubilized was determined by mechanically disintegrating samples of the same large granule fractions in a Waring blendor for 4 minutes, centrifuging at 20,000 g for 20 minutes, and measuring the activity of enzymes released into the supernatant.
Buffers for pH Studie3.--When the effects of varying pH were to be determined, large granule fractions in 0.25 ~ sucrose were incubated in the presence of 0.05 ~ acetate buffers from pH 4.5 to 6.5, and in 0.05 M phosphate buffers from pH 7.0 to 7.8. In each case, the pH of the final suspension, as indicated in the appropriate figure, was directly determined.
Enzyme Assays.--Beta glucuronidase, acid phosphatase, and protein were determined as previously described (24, 25) . Malic dehydrogenase was determined by the method of Mehler eta/. (27) .
Tabulation of Results.--To compare directly the action of various agents on release of three enzymes, all data have been expressed as "per cent of enzyme activity released from control suspensions." Figures for actual amounts of substrates which were hydrolysed are given; these have also been expressed as "per cent of total activity of the homogenate."
Cholesterol was prepared as a suspension according to the method of Cohen eta/. (28) and was allowed to react with streptolysin O or S for 20 minutes at 4°C before the streptolysins were added to the granules. The final concentration of cholesterol was 1.5 X 10 ~ M.
Saponin (Merck), a commercial grade product, was dissolved in 0.25 ~ sucrose. Hydrocortisone 21-sodium hemisuccinate (solu-cortef, The Upjohn Co., Kalamazoo, Michi-gan) was allowed to stand for 30 minutes with the large granule fraction in the cold before addition of the streptolysins. The final concentration was 1.5 X 10 ~ •.
Cortisone a~a~ in aqueous suspension (Philadelphia Ampoule Labs.) was injected intramuscularly for 3 days (50 mg/kg) before the animals were killed and the large granule fraction prepared from their livers. Vitamin A alcohol (Nutritional Biochemicals Corporation, Cleveland) was dissolved in ethanol. An equal volume (0.5 ml) of ethanol was added to control suspensions. Table I can be seen the effects of SLS on release of two lysosomal enzymes, beta glucuronidase and acid phosphatase, and one mitochondrial enzyme, malic dehydrogenase. In amounts of SLS ranging from 200 to 1000 hemolytic units per ml of suspension (26 to 130/~g/ml), release of the two lysosomal enzymes was accompanied by release of mitochondrial malic dehydrogenase. However, when SLS was added in concentrations of 5 to I00 hemolytic uults/ml (0.65 #g/ml to 13.0/~g/ml) significant release of both lysosomal enzymes was observed without a comparable increase in the liberation of malic dehydrogenase. Neither the product obtained from a mutant lacking the ability to produce SLS, nor the RNA core used to induce the formation of SLS by streptococci, was active in releasing enzymes from the large granule fraction. Absence of SLS activity against lysosomes was observed when SLS was heated for 15 minutes at 100°C, or when fully active SLS was permitted to react with the granules for 60 minutes at 4°C. In contrast, exposure of the toxin to cholesterol, before the addition of SLS to the granules, diminished neither its activity against the granules nor against erythrocytes (Table I) . Incubation of the granules with cortisol (1.5 × 10 -4 M) did not protect them against SLS.
RESULTS

The Effects of Streptolysin S on Release of Enzymes from the Large Granule Fraction of Rabbit Liver.--In
In Fig. 1 can be seen the effects of increasing the time of incubation on release of enzymes by SLS. Samples were incubated in unbuffered sucrose with 500 hemolytic units/ml of SLS and aliquots removed at the times indicated. Control values were obtained from tubes incubated 60 minutes in the absence of SLS. As early as 5 minutes after the addition of SLS, the two lysosomal enzymes appeared in the supernatant; malic dehydrogenase was not solubilized until 30 minutes had elapsed.
The effect of varying pH on release of enzymes by SLS is shown in Fig. 2 . Below pit 5 the lysosomes were unstable (5) , as demonstrated by release of acid phosphatase and beta glucurouldase from tubes containing buffer alone. Optimal release of these enzymes was at pH 7.5, and at this pH significant malic dehydrogenase activity was also liberated. However, at pH 6.5 (where the majority of experiments were performed), SLS acted chiefly to release lysosomal enzymes. Control values for pH experiments were taken from samples in unbuffered sucrose (pH 6.5) in 0.05 ~r NaC1. ¶ p ffi <0.01.
The Effects of Streptolysln 0 on Release of Enzymes from the Large Granule Fraction of Rabbit
Liver.--Streptolysin 0 added to large granule fractions in the absence of cysteine caused no appreciable release of enzymes (Table II) and these preparations were only slightly hemolytic. In the presence of 3.5 m~ 
MINUTES
Fzc. 1. Release of three enzymes from the large granule fraction of rabbit liver, in 0.25 sucrose, by streptolysin S (500 hemolytic units/m]). Granules were incubated for periods indicated above, centrifuged for 20 minutes at 20,000 g, and enzyme activities appearing in the supernatant were determined. Results are expressed as per cent of activity released from control suspensions to which 0.09 per cent NaC1 was added.
cysteine, however, three preparations of SLO, ranging in hemolytic activity from 160 to 2000 hemolytic units/ml of suspension (10 to 100 #g/ml) released enzymes from the granules. With rare exceptions, release of the two lysosomal enzymes exceeded liberation of malic dehydrogenase. However, since cysteine alone caused a twofold increase in malic dehydrogenase activity released from "controls" this finding cannot be interpreted as evidence against a significant effect of SLO on mitochondria. The effects of varying the time of incubation on release of enzymes by SLO are shown in Fig. 3 . Both acid phosphatase and beta glucuronidase were solubilized in samples containing SLO and cysteine to a greater extent than in samples incubated with cysteine alone. Release of beta glucuronidase appeared to precede that of acid phosphatase; this was also observed in experiments with SLS. Control values for these experiments were taken from suspensions containing 0.01 ~ PO4-with 3.5 m~ cysteine, incubated for 60 minutes. hemolytic units/ml) and 0.01 ~ phosphate with 3.5 mM cysteine, or with phosphate and cysteine alone. After periods indicated above, they were centrifuged at 20,000 g for 20 minutes, and enzyme activities appearing in the supernatant were determined. Results are expressed as per cent of enzyme activity released from control suspensions containing 0.09 per cent NaC1.
In Fig. 4 , the effect of varying pH on release of granular enzymes may be seen. As in the experiments with SLS, release of the two lysosomal enzymes below pH 5 was as marked in tubes containing buffer and cysteine alone, as in tubes containing SLO as well. The pH optimum of SLO action on the granules appeared to be 6.5, a finding in accord with the pH optimum of this agent on erythrocytes (29) .
STREPTOLYSINS 01~ LYSOSOMES
The Inhibition of SLO Action on Granules by Specific Antibody, Cholesterol, and Glucocorticoids.--Release of enzymes was largely abolished when SLO was incubated with specific antibody before addition to the granules (Table II) Effect of varying pH on release of two acid hydrolases from the large granule fraction of rabbit liver in 0.25 M sucrose. Granules were incubated either with streptolysin O (preparation A, 400 hemolytic units/ml) and 0.01 r~ phosphate with 3.5 ham cysteine, or with phosphate and cysteine alone. After incubation with various buffers (see text) for 60 minutes at 37 °, they were centrifuged at 20,000 g for 20 minutes, and enzyme activities appearing in the supematant were determined. Results are expressed as per cent of enzyme activity released from control suspensions containing 0.09 per cent NaC1. was noted if SLO had been reacted with cholesterol. At a final concentration of 1.5 X 10 -4 M, cholesterol had a minimal inhibitory effect on release of enzymes, and this is in agreement with de Duve's findings (26) .
When rabbits were pretreated with cortisone, large granule fractions prepared from their livers proved resistant to the action of SLO. This also is shown in Table II . In these experiments, control values were obtained from samples prepared from the livers of cortisone-treated animals. Such treatment decreased the "total" content of beta glucuronidase by 22 per cent of control values and of malic dehydrogenase by 16 per cent of control values, but did not alter the acid phosphatase content significantly (25) . The addition of cortisol, (1.5 X 10 -4 M) to the large granule fractions, 30 minutes before addition of SLO, significantly prevented the solubilization of enzymes. Concentrations below this were not inhibitory; no significant in vitro inhibition of any of the three enzymes was observed when 10 -4 ~¢ hydrocortisone was added to supernatants of blendorised preparations. Control values for these experiments were obtained from samples incubated in the presence of cortisol without SLO. Table III Comparison of the effects of streptolysin S and streptolysin 0 on lysosomes and erythrocytes. The "lysosomal activity," expressed as per cent of enzyme released from control suspensions, of the two streptolysins is plotted on the ord;n,te as a function of the hemolytic activity, expressed as units, plotted on the abcissa. liver, heart, spleen, and lymph nodes. While the activity of enzymes released from granules prepared from the various organs varied considerably, significant release of lysosomal enzymes by SLO was observed in all organs. Because of the difficulty with which such tissues as heart or lymph nodes were homogenized, it was neither possible to compare the distribution of enzyme activity of various organs directly, nor to judge whether SLO affected the granules of one organ more than others.
Effect of Activated Streptolysin 0 on Release of Lysosomal Enzymes from Organs other than Liver.--In
Comparison of the Effects of SLS and SLO on Lysosomes and Erythrocytes.--
The "lysosomal activity" of SLO and SLS (expressed as per cent of enzyme released from control suspensions) was plotted as a function of hemolytic activity. From the data in Fig. 5 it is apparent that, for any given level of hemolytic action, considerably more lysosomal enzyme activity was released by Table I. streptolysin S than by streptolysin O. This was also the case when the two agents were compared on a weight basis (Tables I and II) ; 50 #g/ml of SLO (800 hemolytic units/ml) had approximately the same activity on release of lysosomal enzymes as 6.5 #g/ml of SLS (50 hemolytic units). Table IV are listed the effects of some other streptococcal products on release of enzymes from lysosomes and mitochondria. While both erythrogenic toxin and DPNase appeared to release malic dehydrogenase from the granules, only the activated proteinase precursor liberated hydrolytic 218 ST1LEPTOLYSINS ON L¥SOSOMES enzymes from lysosomes. At concentrations of 50 #g/ml, however, the proteinase released enzyme activities no greater than those released by less than 1/~g/ml of streptolysin S, or 10 #g/ml of streptolysin O (Tables I and II) . At equivalent w/v concentrations, SLS released 4 to 5 times and SLO approximately twice the enzyme activities solubilized by the activated proteinase. To compare the effects of two previously studied agents on lysosomes and mitochondria, saponin and vitamin A alcohol were added to the suspensions. On a weight/volume basis 28.6 #g/ml of the vitamin had the same activity as approximately 8/~g/ml of SLS or approximately 100/zg/ml of SLO. Much greater amounts of saponin were needed.
Effects of other Agents on Release of Enzymes from the Large Granule Fraction of Rabb# Liver.--In
Discussion
The data presented above indicate that streptolysins O and S release beta glucuronidase and acid phosphatase from the lysosomes, and to a lesser degree, malic dehydrogenase from the mltochondria, of granular fractions from rabbit liver. At equivalent levels of hemolytic activity, SLS was far more active in releasing enzymes from the granules than SLO. This observation could reflect a true difference in the susceptibility of the granules to the two agents, or reflect differences in uptake and distribution of the two streptolysins among the mitochondria, which constitute the bulk of particles in the suspensions used.
In the experiments described it has been assumed that increases in enzyme activity appearing in the granule supernatants represented the solubilization of enzymes after lysosomal or mitochondrial injury.
The methods employed, based on those of Dingle (6) rely on measurements of enzymes freed from their parent granules, rather than on measurements of the availability of enzymes to their substrate. The latter parameter, perhaps a more sensitive one, is measured more appropriately by the methods of de Duve et al., who have also studied the effects of various enzymes and fat-soluble agents on lysosomes/n vitro (26) . The two phenomena, access to substrate and release of soluble enzymes, conceivably may be independent. However, the good agreement between the findings of Dingle (6) and de Duve et al. (26) on the "labilising" effect of vitamin A on lysosomes in vitro, and the agreement between de Duve's observation of the "stabilising" action of cortisol on lysosomes in vivo (30) and in vitro (26) and our own later findings (7, 24, 25) , suggest that the phenomena are related, and that both methods may be used to measure them reliably. Indeed moderate injury may alter the availability of enzyme to substrate, while drastic insult to the particles may solubilize the enzymes (5); under these circumstances in vivo, lysosomal enzymes can escape into the circulation (31, 32) .
It is unlikely that trace contaminants in the preparations were responsible for granule injury. Although very little is known at present of the intimate chemistry of the two streptolysins, the preparations used were highly purified (22, 23) and are among the most potent described (9) . Since a product derived from a mutant lacking only the ability to produce SLS, and prepared in the same fashion as SLS (22) , failed to affect subcellular particles, and since the hemolytic action of the SLS preparations was directly proportional to the "lysosomal" activity, it is reasonable to conclude that SLS itself was the agent responsible for lysosomal rupture. Similarly, evidence that the hemolytic activity of SLO preparations paralleled "lysosomal" activity, that both actions were markedly enhanced by cysteine, that cholesterol and specific antibody inhibited both hemolysis and effects on lysosomes, and that the pH optimum of both the hemolytic action and the effect on lysosomes was 6.5, also make it unnecessary to postulate the presence of any agent other than SLO.
No direct evidence is available concerning the mechanisms of streptolysin action on subeellular particles. The streptolysins may however act enzymatically, for enzymes such as proteases and lecithinase have been shown to release acid hydrolases from lysosomes (5, 33) and are also hemolytic (1). However, judging from the greater concentrations of proteolytic enzymes (compared to streptolysins) necessary to damage, lysosomes (33) it may be inferred that the two lysins are unlike trypsin, chymotrypsin or pancreatin in their actions. The biological actions of SLO and SLS are by no means restricted to lysosomes or erythrocytes. Recently streptolysin S has been shown to cause "swelling" of mitochondria in concentrations of 33 hemolytic units/ml; SLO caused swelling at 333 hemolytic units/ml (34) . It was apparent that, at the higher concentrations of SLS used in the present experiments, malic dehydrogenase was released from mitochondria, but to a lesser extent than the acid hydrolases. Although streptolysins share the property of affecting several membrane systems, their actions are by no means identical. Agents such as antibody, cortisol, or cholesterol, which inhibit, and cysteine, which activates SLO, have no effects on SLS action. Similarly, the pH optima of the two agents are quite distinct. On morphologic grounds, too, their actions are dissimilar, because differences in the sequence of granule lysis (16) and subsequent cell damage (14, 16) were seen when the streptolysins were added to leucocytes in ~itro.
The role that membrane damage by streptolysins might play during acute streptococcal infections, or during such late sequelae as rheumatic fever, is obscure. Although the present report demonstrates that minute amounts of streptolysin S are active in causing release, from lysosomes, of hydrolytic enzymes which could act upon the tissues of the host, it remains to be determined whether such a mechanism is operative in streptococcal disease.
Summary
Streptolysins O and S from hemolytic streptococci have been added to granular fractions of tissue homogenates in 0.25 x¢ sucrose prepared from rabbit liver, heart, spleen and lymph nodes. At concentrations ranging from 0.65 #g/ml to 2.0 mg/ml of streptolysin S, and from 10/~g/ml to 1.0 mg/ml of streptolysin O, two lysosomal enzymes (beta glucuronidase and acid phosphatase) and, to a lesser degree, one mitochondrial enzyme (malic dehydrogenase) were released into the supernatants of the reaction mixture. Although the hemolytic action of each lysin paralleled the effect on lysosomes, at equiva-lent levels of hemolytic activity, SLS was approximately 10 times more active on lysosomes than SLO. SLO was inhibited by cholesterol, cortisol, and specific antibody in vitro; pretreatment of animals with cortisone decreased the susceptibility of their isolated lysosomes to SLO. These agents failed to prevent SLS action on lysosomes. SLO had a pH optimum of 6.5 against lysosomes while SLS was maximally active at 7.5. No other streptococcal extracellular products were as active on lysosomes as the streptolysins, although activated streptococcal proteinase precursor released some hydrolases from the granules. Similarities between the actions of SLO and SLS on red cells and lysosomes suggested that the membranes bounding lysosomes and erythrocytes have common properties.
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